Transformation of simple precursors into structurally complex cyclobutanes, present in many biologically important natural products and pharmaceuticals, is of considerable interest in medicinal chemistry. Starting from 1,3-enynes and ethylene, both exceptionally inexpensive starting materials, we report a cobalt-catalyzed route to vinylcyclobutenes, as well as the further enantioselective addition of ethylene to these products to form complex cyclobutanes with all-carbon quaternary centers. These reactions can proceed in discrete stages or in a tandem fashion to achieve three highly selective carbon-carbon bond formations in one pot using a single chiral cobalt catalyst.
D
evelopment of highly efficient and enantioselective routes to chemical intermediates for the preparation of medicinally relevant compounds has been among the most active areas of research in modern organic synthesis (1, 2) . Especially attractive in this area are catalytic reactions that combine readily available precursors and feedstock materials, which in turn can affect the way we synthesize and manufacture fine chemicals (3) (4) (5) (6) (7) (8) (9) (10) . In this context, enantioselective methods for the synthesis of cyclobutanes have attracted substantial attention (11, 12) because of their widespread occurrence in medicinally relevant natural products and pharmaceuticals ( Fig. 1A ) (13) (14) (15) (16) (17) (18) (19) . The chiral all-carbon quaternary centers present in many of these molecules often prove challenging to install efficiently (20) . Cyclobutane derivatives have also found broad use as intermediates for the synthesis of more advanced target structures such as stereo-defined 1,3-dienes, cyclopentanes, and ligands for catalytic applications (21, 22) . Most routes to cyclobutane derivatives rely on two strategies for the installation of the stereogenic centers: either enantioselective ring closure (Fig. 1, B and C) , most often via [2+2] cycloadditions with few notable exceptions (23) (24) (25) , or enantioselective functionalization of prochiral cyclobutane or cyclobutene intermediates (Fig. 1D) . Cycloadditions of alkenes and alkynes proceed photochemically (26, 27) or via Lewis acid or transition metal catalysis (28) . Except for a single example (29) of an Fe(0)-catalyzed reaction between butadiene and ethylene (to yield achiral vinylcyclobutane), no use of ethylene [annual production 130 million metric tons (30) ] for a practical synthesis of cyclobutanes has been reported. Although few enantioselective functionalizations of preformed cyclobutane derivatives using organocatalytic methods are known (12) , the more versatile transition metalcatalyzed reactions are rare and the reported routes use precursor cyclobutane carboxylic acid derivatives that must be synthesized in several steps (31) (32) (33) . Here, we report cobalt catalysis of a [2+2] cycloaddition between readily available 1,3-enynes and ethylene followed by an enantioselective hydrovinylation of the resulting vinylcyclobutene (Fig. 1E ) to give highly functionalized cyclobutanes carrying a chiral, all-carbon quaternary center in the ring.
Our studies started with attempts to effect a [2+2] cycloaddition reaction between ethylene and an enyne for the synthesis of vinylcyclobutenes. The reported procedures using Zn/ZnI 2 for related processes (34) were limited to racemic product formation from activated and strained alkenes. For example, we found that cobalt-catalyzed cycloadditions with ethylene and a prototypical enyne 1a with Zn/ZnI 2 led to unacceptably low yields of the product 3a along with other contaminants including a dimeric product, 2a ( Fig. 2A , Eq. 1). A systematic optimization of the cobalt-catalyzed reaction (see table S1) led us to Lewis acids containing aluminum as the optimal activators to promote the desired reaction(s). For example, the [2+2] cycloadditions between a 1,3-enyne (1a) and ethylene (balloon) could be carried out under dry and oxygen-free conditions with excellent yield and selectivity at low temperatures, using a variety of chelating bis-phosphine cobalt complexes and trimethylaluminum (TMA) as the activator (Fig. 2A , Eq. 2, and table S1). At room temperature and/or slightly longer reaction times, this reaction gave not only the cyclobutene (3a) but also a hydrovinylated product (4a) with an all-carbon quaternary center. At lower temperatures and shorter reaction times, the [2+2] adduct 3a could be isolated in excellent yield. The ligand effects in these cobalt-catalyzed reactions were striking, with complexes of 1,1-bis-diphenylphosphinomethane (dppm) and 1,2-bis-diphenylphosphinoethane (dppe) giving only modest yields of the products even after prolonged reaction times (table S1) . Cobalt complexes of ligands with larger bite angles [1,3-bis-diphenylphosphinopropane (dppp), 1,4-bis-diphenylphosphinobutane (dppb), 1,5-bis-diphenylphosphinopentane (dpppent), 1,1´-bis-diphenylphosphinoferrocene (dppf), and 2,2´-bis-diphenylphosphenobinaphthyl (BINAP)] were more efficient (table S1), and (dppf)CoCl 2 proved exceptionally active: With 5 molar percent of the catalyst, the tandem sequence was complete in less than 2 hours to give nearly quantitative yield of 4a. Even at -20°C, this complex was competent to carry out the initial [2+2] cycloaddition. From control experiments, it is clear that at least 0.5 equiv of TMA is needed for the reaction. The reaction was easily scaled up and an isolated yield of 81% (4a) Fig. 2B . At low temperatures and shorter periods, the reaction could be carried out selectively to obtain the cyclobutene product 3 (Fig. 2B, 3a-3r ). Prolonged exposure to the catalyst at room temperature led to exclusive formation of the cyclobutane 4 as a mixture of (E)-and (Z)-isomers (Fig. 2C, 4a-4h) . In addition to straight-chain alkene and cycloalkane substituents (3a-3f), chloroalkyl (3g), aromatic (3h-3j), and cyclopropyl substituents on the enyne were tolerated in these reactions. 1,3-Enynes with a terminal alkyne readily underwent the [2+2] cycloaddition but not the subsequent hydrovinylation (3l). Products 3m and 3n with additional substituents on the alkene also reacted similarly. Although unencumbered aromatic substituents on the alkynes were tolerated in the tandem reactions (e.g., 3h→4h), 1-naphthyl derivative 3o underwent only the initial [2+2]-cycloaddition, presumably because of steric effects hindering the subsequent reaction. Simple dialkyl and diaryl alkynes also underwent the cycloaddition reaction (3p-3r) with no complication from other side reactions including further hydrovinylation.
Next, we sought to develop an asymmetric version of the tandem process for synthesis of chiral cyclobutanes 4 (Fig. 3A) . Early investigations with prototypical enynes 1a and 1b revealed that the ligands (Fig. 3D) we had successfully used in several other cobalt-catalyzed reactions (35) , while giving high yields and excellent E:Z ratios of the products, gave unacceptable enantioselectivities (table S3, entries 1 to 14). These included the bisdiphenylphosphino ligands (S,S)-BDPP (L1), (S,S)-DIOP (L2), and JOSIPHOS (L3a and L3b), BINAP, and the bis-phospholane ligand L4 (Fig. 3D) . For a more complete list of ligands, see fig. S1 . After an extensive search (36), we identified CoCl 2 complexes of phosphinooxazoline ligands (e.g., L8 and L9) (37) as the most suitable catalysts for this tandem sequence (tables S3 and S4). Among the activators, Et 2 AlCl was found to be the most general (table S4) , often giving significantly better enantioselectivities than TMA, which was used in initial screening studies. Several other activators including Zn/ZnX 2 (X = Br, I) with complexes of various cobalt halides showed poor catalytic activity (36) . To establish the absolute configuration of the product, we synthesized an authentic sample of (R)-4b from the known ketone (R)-5 ( Fig. 3B) (25, 36) . Comparison of chiroptical properties and chromatographic behavior on chiral stationary-phase gas chromatography established the product from the enyne 1b as (S)-4b. The configurations of the other products (Fig. 3E) were assigned by analogy.
The extreme sensitivity of this exacting tandem sequence toward the choice of ligand is apparent from the documented results (table  S3) (36) . It is notably exemplified by the bisphospholane L4 and the phosphinooxazoline ligand L10 (Fig. 3D) . Whereas (L4)CoCl 2 was viable only for the second step (asymmetric hydrovinylation; table S4, entry 5), (L10)CoCl 2 catalyzed only the first step, the [2+2] cycloaddition (table S4, entry 14) . Among the ligands examined, ligands L8a (entry 7) and L8c (entry 9) gave the best selectivities. The solid-state structure of the most versatile precatalyst complex is shown in Fig. 3C . Substituents on the P-aryl groups of the phosphinooxazoline ligands had only marginal effects on the selectivity except when there was an ortho substituent, which gave inferior results. Aliphatic substituents other than benzyl on the oxazoline moiety gave unsatisfactory results.
The optimized conditions using the readily available complex [L8a]CoCl 2 and Et 2 AlCl as an activator were applied to several enynes to examine the scope and limitations of the reaction; the results are shown in Fig. 3E . Generally the reactions proceeded in very good yield and excellent enantioselectivity to give the products 4, bearing an all-carbon quaternary center, as the (E)-isomer, except in the case 4a and 4c where less than 5% of the (Z)-isomers were also seen.
Primary, secondary, and tertiary alkyl substituents on the alkyne were tolerated. The reaction was compatible with a chloroalkyl substituent (4g).
The ligand, counterion, and solvent effects documented here and in the literature for cobaltcatalyzed olefin dimerization reactions point to a Co(I)/Co(III) catalytic cycle, not much different from what we proposed recently for the dimerization of 1,3-dienes and methyl acrylate (38) . As in the case of that heterodimerization, the tandem sequence disclosed here does not proceed with isolated Co(I) complexes. Specifically, we have attempted to carry out the reaction of 1a with ethylene (Fig. 3A) under catalysis by isolated cobalt(I) sources [L8a]CoCl and [L8a] CoEt (38) in the absence of any activators and found no reaction except for decomposition of the starting materials on prolonged time. However, addition of a Lewis acid, B(C 6 F 5 ) 3 , resulted in modest yields (up to 50%) of the cyclobutene product 3a. This result suggests a key role of a cationic Co(I) species in these reactions. We propose the scheme shown in Fig. 4 as the major product. As expected, the isomer ratio depends on the ligands used and the nature of the substituent R.
